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INTRODUCTION 
Titanium-aluminum a l l o y s  w i l l  be used in  supe r son ic  a i rcraf t  
t h a t  w i l l  ope ra t e  a t  sk in  tempera tures  as high as 29OoC while  
possibly  contaminated  with sea s a l t .  Laboratory tests showed 
that  t i tanium-aluminum al loys are s u s c e p t i b l e  t o  h o t - s a l t  stress 
cor ros ion  c racking  under  opera t ing  condi t ions  of  supersonic  a i r -  
c r a f t .  The Savannah  River  Laboratory (SRL), sponsored  by  the 
National Aeronautics and Space Administration, investigated the 
mechanism o f  ho t - sa l t  s t r e s s  co r ros ion  c rack ing  o f  t hese  a l loys .  
Th i s  r epor t  i s  a summary o f  t h i s  r e s e a r c h ;  a more-detai led 
rev iew of  th i s  work a t  SRL has  been  g iven  in  ear l ie r  repor t s .  '-* 
THE PROPOSED MECHANISM 
The proposed mechanism f o r  h o t - s a l t  stress cor ros ion  c racking  
involves  the pyrohydrolyt ic  formation of  the hydrogen hal ide cor-  
r e spond ing  to  the  an ion  o f  t he  s a l t  ( e .g . ,  HC1 from C 1  s a l t s ) ,  and 
at tack of  the metal  by the hydrogen hal ide a f te r  pene t r a t ion  o f  
t he  p ro tec t ive  ox ide  film. Hydrogen i s  genera ted  by  the  reac t ion  
and i s  par t ia l ly  absorbed  by  the  meta l  sur face .  The hydrogen 
e m b r i t t l e s  t h e  s u r f a c e ,  and the  c rack  can  then  be  in i t ia ted  by  
r e s i d u a l  or appl ied  stresses. Cracks   p ropagate   by   s t ress   sorp t ion ,  
with  hydrogen as the  sorb ing  spec ies .  
FORMATION  OF  HALOGEN  ACIDS 
Evidence o f  Pyrohydrolysis 
When a t i t an ium a l loy  coa ted  wi th  an  apparent ly  dry  ha l ide  
s a l t  i s  heated between 250 and 65OoC, a hydrogen halide i s  formed 
by pyrohydrolys is .  Evidence  of  th i s  reac t ion  was shown i n  t h r e e  
d i f f e r e n t  ways: 
0 The presence of  HC1 was shown by mass spectrometry,  and the 
concent ra t ion  of  HC1 was determined for  N a C l  and SnC12.2H20 
decomposition. '  (HBr was a l s o   i d e n t i f i e d  from  bromide 
salts .)  
0 Microprobe  analysis   (Figure  1)  showed C1- concen t r a t ion  
decreased toward the crack t ip ,  but  Na+ was n o t  p r e s e n t  i n  N a C l  
c racked  spec imens ,  ind ica t ing  a v o l a t i l e  C 1  s p e c i e s  (HC1 o r  
C12). The mic roprobe  r e su l t s  were confirmed  autoradiographi-  
c a l l y  w i t h  22NaC1 and Na3%1. 
0 I n  t h r e e  tests,air  which  had  passed  over  heated  NaC1-coated 
ch ips  was bubbled through water, s t a r c h - i o d i d e  s o l u t i o n ,  
and NaOH. The water showed only  the  presence  of  C 1 -  and no 
metallic c a t i o n .  The c a t i o n  was shown t o  be H+ i n  t h e  
s t a rch - iod ide  t e s t .  U l t r av io l e t   spec t roscopy   o f   t he  NaOH 
s o l u t i o n  showed t h a t  C 1 2  was absen t .  
Above 650°C, C 1 2  was i d e n t i f i e d  by u l t r a v i o l e t  s p e c t r o s c o p y  
from t h e   r e a c t i o n   o f  NaC1-coated t i t an ium  a l loys .   Th i s   he lped  
t o  e x p l a i n  t h e  v e r y  h i g h  c o r r o s i o n  ra tes  and cracking  a t  e l eva ted  
temperatures .  The mechanism a t  th i s  t empera tu re  was n o t  d e t e r -  
mined because it was above the  tempera ture  of  a i rcraf t  ope ra t ion ;  
both H C l  and C l 2  can crack s t r e s s e d  t i t a n i u m  a l l o y s .  
Cross Section of Crack 
t 
1 
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FIG. 1 VARIATIONS OF SODIUM  AND  CHLORIDE  CONCENTRATIONS 
WITHIN  CRACK 
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Requirements f o r   P y r o h y d r o l y s i  s 
The formation of hydrogen hal ide by pyrohydrolysis  requires  
hea t  and  mois ture ;  for  salts which are d i f f i c u l t  t o  hydro l i ze  
(e .g . ,  NaCl), t h e  r e a c t i o n  ra te  i s  increased  by  "acce lera tors , l '  
such as aluminum o r  vanadium oxides. 
The oxide f i l m  p resent  on  Ti-A1 a l l o y s  i s  e n r i c h e d  i n  aluminum 
and may also con ta in  vanadium, i f  t h i s  is one of t h e  a l l o y i n g  
elements.  Both aluminum oxide and  vanadium  pentoxide  have  been 
used as a c c e l e r a t o r s  i n  t h e  p y r o h y d r o l y s i s  o f  salts d i f f i c u l t  t o  
hydrolyze.  
PENETRATION OF OXIDE FILM 
Degradat ion of  Oxide F i l m  by C1- 
When a t i t a n i u m  a l l o y  i s  immersed i n  a s a l t  s o l u t i o n ,  t h e  
p ro tec t ive  ox ide  f i l m  on  t i t an ium a l loys  is p a r t i a l l y  d e g r a d e d  
because C 1 -  i s  absorbed  in to  the  oxide  l a t t i ce ,  p robab ly  in  an  
oxygen  vacancy.  This  absorption  requires a change of c a t i o n  
va lence  to  ma in ta in  cha rge  neu t r a l i t y  and to  avo id  deve lop ing  a 
space  cha rge . in  the  ox ide .  In  NaCl tracer so lu t ions  on  P t ,  Ta ,  
T i ,  Ti-8A1-1Mo-1VY Zircaloy-2,  and Type  304 s t a i n l e s s  s tee l , '  
3 6 C l -  wi th  little or no 22Na was absorbed on the oxide film. C 1 -  
absorpt ion on Ti-8A1-1Mo-1V i n c r e a s e d  t o  a maximum a t  about pH 6 .  
E f f e c t  o f  F i l m  Thickness on Time to  Crack ing  
The time t o  c r a c k i n g  c o n s i s t s  o f  t h e  time r e q u i r e d  t o  p e n e t r a t e  
t h e  p r o t e c t i v e  f i l m  and t h e  time t o  a t tack the metal  and cause 
c racking .3  F i l m  th i ckness  i s  a b a r r i e r  t o  HC1 d i f fus ion  th rough  
t h e  film. Time t o  c r a c k i n g  was measured  onostressed Ti-8Al-lMo-lV 
specimens that  had f i l m  th icknesses  of  <SO A, 100-200 A, and 
400-700 1. The time t o  c r a c k i n g  a t  35OoC increased  wi th  increas ing  
oxide   th ickness .  The r e a c t i o n  was, t h e r e f o r e ,   d i f f u s i o n   c o n t r o l l e d .  
EVOLUTION AND ABSORPTION OF HYDROGEN AND 
CRACK INITIATION 
Afte r  t he  p ro tec t ive  ox ide  f i l m  is penet ra ted  by H C 1 ,  hydrogen 
i s  gene ra t ed  by  the  r eac t ion  o f  HCI  and t h e  metal and then i s  
pa r t i a l ly  abso rbed  by  the  metal su r face .  The a l i o y s  are first 
corroded, and a f t e r  an incubat ion per iod cracks i n i t i a t e .  
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I d e n t i f i c a t i o n  and L o c a t i o n  o f  Hydrogen 
Hydrogen which i s  produced as a cor ros ion  product  was i d e n t i -  
f i e d  b y  mass spec t roscopy dur ing  hea t ing  of  meta l ,  sa l t ,  and small 
amounts of water; i ts  concent ra t ion  increased  wi th  hea t ing  time. 
The hydrogen did not come from a metal-water r e a c t i o n ,  a n d . t h e r e  
was insu f f i c i en t  hydrogen  p resen t  i n  the  metal t o  cause the con- 
centrat ions observed,  even i f  a l l  the  hydrogen had been released.  
The amount of hydrogen generated was d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
amount of  water  added  to  the  sa l t -coa ted  meta l  (F igure  2 ) ;  t he re -  
fore ,  moisture  suppl ies  the corrnsion-produced hydrogen.  
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Hydrogen Peak I 
A 
NaF 
2 0  pl H,O 
NaCl 
10 pI Hz0 
Na Br  
2 5 p i  Hz0 
Na I 
IOpI HZ0 
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25 pl Hz0 
FIG. 2 HYDROGEN PRODUCTION BY SALT-TITANIUM REACTION AT 350°C 
Sequence o f  mass spectrometer  t races  for  each experimental  
condi t ion .   Note   tha t ,   except  f o r  the blank, the mass o f  hydrogen 
i s  approximately  proportional to  t h e  amount of  water  present .  
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Hydrogen was absorbed by t i tanium al loys during exposure to  
hot  salts i n  3H t racer  tests.  Sa tu ra t ed  sa l t  so lu t ions   sp iked  
wi th  3H20 were evapora ted  on  s t ressed  a l loy  spec imens ,  and t h e  
specimens were hea ted .   Autoradiographs   o f   the   sur faces  showed 
a c t i v i t y  af ter  the specimens had been rinsed f ree  of  water-soluble  
cor ros ion  products  (F igure  3 ) .  
a. B e f o r e   r i n s i n g   i n  H20. 
b. A f t e r  H20 r inse ,   be fore   au torad iography .  
c. A f t e r  a u t o r a d i o g r a p h y  ( f i l m  i n  s i  t u ) .  
FIG. 3 DISTRIBUTION OF 3H ON SALT-CORRODED 
Ti-8A1-1Mo-1V AT 343°C 
The loca t ion  of  pr imary  hydrogen  absorp t ion  was shown by 
t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  s t u d i e s  o f  t h i n  Ti-8A1-1Mo-1V 
fo i l s .   T i t an ium  hydr ides  formed p r e f e r e n t i a l l y   i n   r e g i o n s   n e a r  
o r  a l o n g  a-a gra in  boundar i e s  or a-8 phase boundaries .  The assoc i -  
a t i o n  of  microscopic  hydr ides  in  gra in  and  phase  boundar ies  ind i -  
cates t h e s e  are t h e  areas of  most  rapid diffusion and concentrat ion,  
and t h e r e f o r e  t h e  most  probably places  of  entry.  
Hydrogen pene t r a t ion  in to  ho t - sa l t  co r roded  spec imens  w a s  
measured  by  counting B from 3H.7  After 75 h r  a t  343"C, t h e  s u r f a c e  
of  specimens w a s  removed incrementa l ly :  f i rs t  by  mechanical 
pol ishes ,  then by chemical  e tches .  The dep th  o f  pene t r a t ion  was 
measured t o  b e  a minimum of 10 pm based on t h e  limits o f  d e t e c t i o n  
by the counter .  
Corros ion React ion 
Characteristics 
In  ho t  s t age  mic roscop ic  t e s t s  a t  343°C wi th  Ti-8Al-lMo-IV, 
NaCl cor roded  and  s ta ined  the  a l loy  a f t e r  <10 minutes a t  t h a t  
t e m p e r a t u r e ,  b u t  c r a c k i n g  d i d  n o t  i n i t i a t e  u n t i l  75 t o  90 minutes 
l a t e r .  * Minute  cor ros ion  s ta ins  a t  t h e  s a l t  c rys t a l s  g radua l ly  
enlarged forming a f a i r l y  c o n t i n u o u s  s t a i n  a round the  c rys ta l s ,  
b u t  cracks i n i t i a t e d  b e f o r e  t h e  s t a i n  became continuous.  Cor- 
rosion products  did not  appear  to  spread outward from the s a l t -  
metal con tac t  area (F igure   4 ) .  The a l l o y  was corroded a t  s a l t -  
metal con tac t  areas, and c racks  nuc lea t ed  on ly  in  these  r eg ions .  
(Figure 5 ) .  Cracking was n o t  r e l a t e d  t o  t h e  s i z e  o f  t h e  s a l t  
c rys t a l s  because  cracks a l s o  i n i t i a t e d  a t  very  small c r y s t a l s .  
Although the pyrohydrolysis  of  NaF produces HF, NaF does not 
cause  ho t - sa l t  s t r e s s  co r ros ion  c rack ing  because  a l loys  coa ted  
with NaF do not  absorb hydrogen during corrosion,  as shown i n  3H 
tracer tests. Autoradiography  and  counting  could  not  detect  
t r i t i u m ;  however, t h e  a l l o y  was pa r t i a l ly   co r roded .   Hydro f luo r i c  
ac id  p robab ly  a t t acks  the  metal su r face ,  and the hydrogen 
l i b e r a t e d  by t h i s  attack and t h e  a f f e c t e d  t i t a n i u m  s u r f a c e  a r e  
probably removed from the system by the s imultaneous formation 
and sublimation  of T i F 4 .  T i F 4  might  hydrolyze,   forming two more 
v o l a t i l e  p r o d u c t s ,  TiOF2 and HF. 
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a. Salt  Deposit  at  Room 
Temperature 
c. Same as  (b) After 
80 Minutes 
b. Same as (a) After 
Reaching 65OOF 
a. 
' . 
d. Same as ( c )  Enlarged 
F I G .  4 HOT-STAGE MICROSCOPY OF N a C l   C W C K I N G  OF 
Ti-8Al-lMo-lV AT 3 4 3 ° C  
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NaCl c r y s t a l  on Ti -8A l - lMo- lV   sur face  
( p o l a r i z e d   l i g h t ) .   F l u i d   i n c l u s i o n s  
appear as dark areas and 1 i n e s  p a r a 1  l e 1  
t o  c r y s t a l   f a c e s .  
L 
. 
- 
100 ,urn 
C o r r o s i o n  p a t t e r n  a p p a r e n t l y  r e l a t e d  
t o  a c r y s t a l l o g r a p h i c  f e a t u r e  o f  t h e  
s a l t   c r y s t a l  (250X). 
: 
. @-J. 
FIG. 5 ASSOCIATION OF CORROSION PATTERN  WITH FLUID 
INCLUSIONS I N  SODIUM CHLORIDE 
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RoZe of Moisture 
The r o l e  o f  m o i s t u r e  i n  t h e  c r a c k i n g  p r o c e s s  was s tud ied  
because moisture supplies the corrosion-produced hydrogen and i s  
required for  pyrohydrolysis!  The h a l i d e  sal t  r e a c t s  w i t h  t h e  
moi s tu re  in  the  p re sence  o f  t he  p ro tec t ive  ox ide  to  py rohydro -  
l y t i c a l l y  form a hydrogen hal ide.  The  hydrogen h a l i d e  a t t a c k s  
t h e  metal and generates hydrogen gas.  
During corrosion of t i t an ium a l loys ,  water was shown t o  b e  
present  by mass spectrometry.  The water probably came from t h e  
s a l t  because NaCl c r y s t a l l i z e d  from a s a t u r a t e d  s o l u t i o n .  con- 
t a i n s  r e s i d u a l  water tha t  can  be  seen  unde r  po la r i zed  l i gh t  as 
dark areas o r  l i n e s  g e n e r a l l y  p a r a l l e l  t o  c r y s t a l  faces (Figure 5 ) .  
Thus, some a p p a r e n t l y  d r y  c r y s t a l s  c o n t a i n  water and ,  t he re fo re ,  
can  cause  cracking. 9 
Moisture has been shown to  be  p re sen t  i n  the  c rack ing  sys t em 
by tes ts  with 3H20. Three   poss ib le   sources   o f   water  are: t h e  s a l t ,  
moisture  sorbed on metal, and atmospheric  moisture.  The moisture  
r e t a i n e d  i n  s a l t  c r y s t a l s  i s  t h e  most important source and causes 
c racking   over   shor t   per iods   o f   t ime (90 minutes a t  343OC). The 
amount of moisture present depends on t h e  s a l t  and t h e  water of 
hydra t ion .   Moi s tu re   i n   hea t ed  a i r  was n o t   s u f f i c i e n t   t o   c a u s e  
c r a c k  i n i t i a t i o n  i n  s h o r t  p e r i o d s  of t ime, but might do so  a f te r  
prolonged exposure. 
Crys ta l s   o f  NaCl p red r i ed  a t  4 O O 0 C  under t o r r  vacuum do 
not  cause  cracking  (Figure 6 ) .  Furthermore,   predried s a l t  
c rys t a l s  encapsu la t ed  in  d r i ed  t i t an ium meta l  unde r  anhydrous  
condi t ions  d id  not  cause  cor ros ion  when h e a t e d  t o  t h e  h o t - s a l t  
cracking temperature range (35O-48O0C), and ne i the r  d id  mix tu res  
of  dr ied  N a C l  and d r i e d  T i O n .  
.9 
H 
5 mm 
U n d r i  e d  N a C l  D r i e d   N a C l  D r i e d   T i 0 2  + 
d r i e d   N a C l  
FIG. 6 D R I E D  REAGENTS  PREVENT  HOT-SALT  ATTACK  AT 480°C 
Determining Corrosion Products 
Corrosion  reactions of hot  salts  and  titanium  alloys  were 
simulated  by  exposing Ti-8A1-1Mo-1V to  anhydrous  HC1  and HC1 with 
water.  Doubly  distilled,  anhydrous  HC1  gas  reacted  with  stressed 
Ti-8A1-1Mo-1V at 35OoC to form large  cracks  after  the  specimen  was 
coated  with  corrosion  products.  The  gaseous  corrosion  product  was 
hydrogen;  the  solid  corrosion  products  were  TiC12, TiC13, TiClt,, 
and A12C16.  These  products  hydrolyze  (TiClb),  oxidize  and  hydrolyze 
(TiC12,  TiC13) o r  are  not  formed  (A12C16) in the  presence  of mois- 
ture  and  heat.  These  unstable  corrosion  products o f  anhydrous  HC1 
could  be  considered  to  be  the  intermediates  in  the  reaction  with 
moist  HC1.  In  the  presence of water,  the  titanium  chlorides 
decompose  to TiO2,  HC1, and HZ. 
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With 5 t o  6 mole % H 2 0  i n  t h e  HC1 gas ,  t i t an ium ch lo r ides  were 
not observed as corrosion products .7  A p r o t e c t i v e  o x i d e  formed over 
the specimens,  and they remained bright although they cracked as 
badly  as when exposed t o  anhydrous HC1 (Figure 7). Hydrogen was 
a cor ros ion  product .  
a. HCI containing 5 - 6 mole % H,O 
I I 5 mm 
b. Anhydrous HCI 
FIG. 7 STRESS  CORROSION  CRACKING OF T i - 8 A 1 - 1 M o - 1 V  BY HC1 
Crack Initiation  Time 
Effect of Temperature 
The incuba t ion  time for cracking  at y i e l d  stresses decreased 
by a f a c t o r  of about 100 as the temperature  increased from 245O t o  
37OoC. Cyc l i c  hea t ing  and cooling  should  cause l i t t l e  or no  crack- 
ing  i f  t h e  h e a t i n g  time i s  less t h a n  t h e  c r a c k  i n i t i a t i o n  time a t  
tha t  t empera ture ;  however ,  a l loys  might  c rack  a f t e r  prolonged 
cyc l i c  hea t ing .  
Effect of pH 
The time r e q u i r e d  f o r  a s a l t - c o a t e d  a l l o y  t o  c r a c k  was d i r e c t l y  
r e l a t e d  t o  t h e  pH o f  t h e  s o l u t i o n  from which t h e  sa l t  was c r y s t a l -  
l i z e d . '  The time t o  i n i t i a t e  c r a c k i n g  i n  s t r e s s e d  Ti-8A1-1Mo-1V 
coated with N a C 1 ,  NaBr, and NaI dec reased  g rea t ly  i f  t h e  s a t u r a t e d  
s o l u t i o n  u s e d  t o  c r y s t a l l i z e  e a c h  sal t  were a c i d i f i e d  w i t h  t h e  
corresponding  halogen  acid.  If a h i g h l y  a c i d i c  s a l t  such as 
SnC12*2H20 (pH of s a t u r a t e d  s o l u t i o n  = 0.2) were p a r t i a l l y  n e u t r a -  
l i z e d ,  t h e  time t o  i n i t i a t e  c r a c k i n g  i n c r e a s e d  ( T a b l e  I ) .  
TABLE I 
Effect  of  pH  on  Time to Cracking 
Salt 
NoCI' 
NaBr 
NaI 
NaF 
SnC12'2H20 
SnC12'2H20 
CUC 1 
Saturated 
pH of 
Solution 
4.1 
4.7 
8.9 
8.4 
0 . 2  
0 . 2  
3.4 
Temp, 
OC 
343 
343 
400 
400 
343 
343 
343 
Time t o  
Cracking, 
min 
80 
150 
150 
>15,  oooa 
10 
10 
60 
pH  of 
Adjusted 
Solution 
0.5 
0.5 
0.5 
sa2 
4.1 
0.5 
0.5 
Time t o  
Cracking, 
min 
40 
75 
75 
>240a 
30 
15 
15 
~~ 
a Specimen  did  not  crack;  pH  could  not  be  made  highly  acidic 
because  of  HF  association. 
Effect of Salt Composition 
The time t o  i n i t i a t e  c r a c k i n g  and t h e  e x t e n t  of  c r ack ing  a re  
determined by the ease with which the sa l t  hydrolyzes and the t ime 
r e q u i r e d  f o r  t h e  h y d r o l y s i s  p r o d u c t s  t o  p e n e t r a t e  t h e  p r o t e c t i v e  
film. The time to i n i t i a t e  c r a c k s  i n  Ti-8A1-1Mo-1V coated  with 
SnC12-2H20 was 1/10 the time f o r  Ti-8Al-lMo-lV coated with NaC1. 
SnC12.2H20 produces HC1 by hydrolysis  much more r ap id ly  than  does  
N a C l  a t  the  tempera tures  s tud ied .  
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Deposits of N a C 1 ,  NaBr, NaI ,  na tura l  sea  sa l t ,  SnC12-2H20, 
CaC12-2H20,  and MgC1202H20 caused cracking of Ti-8A1-1Mo-1V a t  
343OC wi th  the  meta l  a t  y i e l d  s t r e s s e s .  O f  the  anhydrous salts ,  
N a C l  and K C 1  caused the most extensive cracking; of the hydrated 
sal ts ,  cracking by SnC12-2H20 was most severe. 
S t r e s sed  Ti-8Mn at 343OC exposed t o  SnC12-2H20 d id  not  c rack  
al though  corrosion was severe  after 91 hours6 'The metal  was 
embri t t led,  however ,  because the metal  cracked during bending at  
room t e m p e r a t u r e  a f t e r  t h e  r e s i d u a l  sa l t  was washed of f  (F igure  8). 
The cracking was not caused bv binding o r  hea t ing .  
S a l t  Exposed-Heated  Unexpos d-Unheated Unexpos d-Heated 
FIG. 8 CORROSION-EMBRITTLEMENT OF Ti-8Mn ALLOY 
Effect of AZZoy Composition 
The time t o  i n i t i a t e  c r a c k s  w i t h  N a C l  a t  343'C increased  wi th  
decreasing aluminum content  as shown i n  F i g u r e  9. The most r e s i s -  
tant  t i tanium-aluminum al loy (Ti-4A1-3Mo-lV) c r a c k e d  a f t e r  28 hours 
exposure,  but Ti-8Mn had not cracked after 48 hours.  0 
' 0 4 1  
Ti-8Mn I 
FIG. 9 EFFECT OF ALLOY  COMPOSITION ON TIME  TO  INITIATE 
CRACKING  BY  NaCl  AT  343°C 
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CRACK PROPAGATION BY STRESS  SORPTION OF HYDROGEN 
The hydrogen, generated by t h e  r e a c t i o n  o f  H C l  and t h e  a l l o y ,  
i s  absorbed by the metal  and causes  local ized surface embri t t le-  
ment  which l eads  to  c rack  nuc lea t ion .  Nuc lea t ion  o f  a crack 
produces a sha rp  no tch  ( the  c rack  t i p ) ,  and so rp t ion  of hydrogen 
a t  the  c rack  t i p  lowers  the  su r face  ene rgy  o f  t he  me ta l  such  tha t  
t he  ex i s t ing  s t r e s ses  can  cause  rup tu re  and c r a c k  p r ~ p a g a t i o n . ~  
Cracks propagate  by mechanical  rupture;  the propagat ion rate  i s  
highest  where a cont inuous supply of  halogen acid and,  therefore ,  
hydrogen i s  produced near  the crack t ip .  
Ho t - sa l t  s t r e s s  c racks  appea r  ab rup t ly ,  p ropaga te  r ap id ly  
f o r  s h o r t  d i s t a n c e s ,  s t o p ,  and then  aga in  p ropaga te  fo r  sho r t  
d i s t a n c e s .  The c racks  of ten  ex tend  benea th  the  sur face  of  the  
metal .   Rippling  and  necking  of  the  metal   surface  above  the 
crack showed tha t  p l a s t i c  de fo rma t ion  accompan ies  f r ac tu re  
(F igu re   10 ) .   These   r e su l t s  were v e r i f i e d  by f r ac tog raph ic  
s t u d i e s .  
Top Surface of Specimen. 
Edge  Section  Edge  Section 
F I G .  10 "TUNNELING"  OF  SnCl  - INDUCED  CRACKS I N  
T i -8A1-1Mo-1V 
Studies of  Fracture  Surfaces  
S tudies  of  f rac ture  sur faces  e l imina ted  chemica l  a t tack  by  
HC1 and hydrogen embrit t lement by hydrogen platelets as a means 
of  crack propagat ion.  A mechanica l  f rac ture  would r e s u l t  i f :  
1) some s p e c i e s  were absorbed on t h e  specimen surface and  lowered 
t h e  s u r f a c e  e n e r g y  t o  t h e  e x t e n t  t h a t  e x i s t i n g  stresses promoted 
f r a c t u r e ,  o r  2) some s p e c i e s  d i f f u s i n g  i n  f r o n t  o f  t h e  c r a c k  
promoted b r i t t l e  f r a c t u r e  a t  t h e  specimen stress l e v e l .  The high 
propagat ion ra tes  s e e n  i n  some specimens (0.1 in./min a t  room 
tempera ture)   p rec lude   d i f fus ion   in   advance   of   the  crack. There- 
f o r e ,  stress s o r p t i o n  i s  proposed as the  mechanism of crack 
propagat ion.  
Cracking v i t h  HCZ and Hot S a l t s  
Frac tog raphs  o f  a l loys  p roduced  in  a var ie ty  of  envi ronments  
were s u r p r i s i n g l y  similar. Cracks   p ropagated   in  Ti-8A1-1Mo-IV at  
343OC wi th  N a C l ,  SnC12.2H20, anhydrous HC1, and HC1 with 5 t o  6 
mole % H 2 0  a l l  showed i n t e r g r a n u l a r  f r a c t u r e s  w i t h  l i t t l e  evidence 
o f   duc t i l e   f a i lu re .   Secondary   c r ack ing  and  rough  grain  surfaces 
wi th  areas o f  r e g u l a r  s t r i a t i o n s  o r  f o l d s  were common f e a t u r e s .  
These areas, probably a r e s u l t  of s e r p e n t i n e  g l i d e ,  g l i d e  p l a n e  
decohesion,  and s t re tching,  are i n t e r p r e t e d  as evidence o f  d i s -  
l o c a t i o n  movement (Figure 11). T y p i c a l   r i v e r   p a t t e r n s ,   c h a r a c -  
t e r i s t i c  of t ransgranular  c leavage ,  were a l s o  f o u n d  i n  small 
reg ions .  Some o f  t h e  f r a c t u r e  faces had   severe   sur face , roughening ,  
probably  resu l t ing  f rom cor ros ion  a f t e r  c rack ing ,  bu t  o the r  faces 
were not rough. 
16 
TYPICAL FRACTOGRAPHS OF HOT-SALT AND HCI 
CRACKS IN Ti-8AI-IMo-IV 
- , ., -:.; 
1.. . , 
a. SnCI, at 343OC (650°F) b. NaCl at 343°C (650°F) c. Anhydrous HCI at 3 4 3 T  (65OOF) 
. .. 
. '  
" . 
, '  
d. Moist HCI at 343°C (65OOF) 
' 5Pm' 
Striations 
~----l 
I Secondary I 
I Cracking I 
L""-l 
e. SnCI, at 25OC (77'F) 
FIG. 11 TYPICAL FRACTOGRAPHS OF HOT-SALT AND HC1 
CRACKS I N  T i -8Al - lMo- lV 
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The s i m i l a r i t y  between hot-salt  and H C l  c racking  i s  shown i n  
Table 11. 
TABLE I1 
Characteristics. of Hot-Salt  and  HC1  Cracking 
Characteristics  Hot-Salt  Cracks  HC1Cracks 
Fracture  path  Predominan ly  Predominantly 
intergranular  intergranular 
Fracture  mode Mechanical Mechanical 
Crack  threshold  temperature 232OC 245OC 
Effect  of  oxide  film Delays  crack  Delays  crack 
initiation  initia on 
Crack  propagation  r teaSl w Rapid 
a  Difference is due  to  the  availability  of  HC1  to  react. 
Effect of Hydrogen on Fracture Surfaces 
Fracture  surfaces  of  specimens charged with 1400  and 4000 ppm 
hydrogen and f rac tured  mechanica l ly  a t  room temperature  did not  
resemble   ho t -sa l t   c racks .  A t  1400 ppm, t h e  metal f a i l e d  by both 
d u c t i l e  and b r i t t l e  f r a c t u r e ,  b u t  m a i n l y  by d u c t i l e  mechanisms. 
A t  4000 ppm hydrogen ,  fa i lure  was b r i t t l e ;  t h e  f r a c t u r e  was along 
an almost continuous network of hydr ides  ly ing  a long  the  a-a and 
a-6 g r a i n  and phase boundaries.  
The effect  of hydrogen gas on t h e  f r a c t u r e  s u r f a c e s  o f  
Ti-8A1-Mo-1V and  Ti-5A1-2.5Sn was evaluated.  Notched,  precracked 
t ens i l e  spec imens  were t e s t e d  t o  f a i l u r e  i n  l o 4  p s i  (He and H 2  g a s ) .  
Repl icas  of  the  f rac ture  faces  produced  in  he l ium showed t h e  t y p i c a l  
d impled  s t ruc tu re  o f  duc t i l e  rup tu re .  Rep l i cas  o f  f r ac tu re  su r faces  
produced i n  hydrogen were much more b r i t t l e ,  showing t h a t  hydrogen 
d i d  affect  f a i l u r e   ( F i g u r e   1 2 ) .   F r a c t u r e   s u r f a c e s  w i t h  hydrogen 
were compared t o  f r a c t u r e  s u r f a c e s , p r o d u c e d  by h o t - s a l t  and HC1 
cracking.  The topographies  were  quite similar, both showing b r i t t l e  
f a i l u r e  by quasi-cleavage and some secondary cracking.  
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A. 
HYDROGEN ~ 
B. 
HELIUM 
Tensile Crack Tensile Crack 
IOpm 
FIG. 12 CRACK SURFACES OF Ti-8A1-1Mo-1V PRODUCED IN l o 4  psi 
HYDROGEN  AND HELIUM 
Hydrogen Concentrat ion Necessary to  Ini t ia te  and 
Propagate Cracks 
Method o f  Measurement 
The  amount of h y d r o g e n  r e q u i r e d  t o  i n i t i a t e  and propagate 
c r a c k s  i n  s t r e s s e d  Ti-SA1-2.55Sn and Ti-8A1-1Mo-1V  was measured. 
The s t ressed  a l loys  were  bombarded wi th  acce lera ted  H+ i o n s ,  and 
the concentrat ion of  hydrogen was ca l cu la t ed  a t  t he  su r faces  wi th  
no c r a c k s  ( i n i t i a t i o n )  and a t   c r ack   t i p s   (p ropaga t ion ) .  
A neut ron  genera tor  a t  Savannah River w a s  modi f ied  to  accept  
s t r e s sed ,  wa te r - coo led  t i t an ium t a rge t s  and ad jus ted  to  produce  
and a c c e l e r a t e  'H+ r a the r   t han  2H+. Maximum acce le ra t ion  was 150 
kev ,  equiva len t  to  a pene t r a t ion  o f  about 1 urn i n t o  t h e  a l l o y .  
The b.eam diameter  was measured direct ly  on t h e  t a r g e t ,  and t h e  
p ro ton  f lux  was determined by beam cur ren t ,  and t h e  number of  ions 
p e r  u n i t  area was calculated.  Strain gages were used to  determine 
s t r e s s  on the  outer  sur faces  of  the  t i t an ium spec imens .  
Results 
A t  a t o t a l  f l u e n c e  o f  3 . 2  x 10” H+/cm2,  c racks  were observed 
i n  Ti-5A1-2.5Sn; b u t  c r a c k s  i n  Ti-8A1-1Mo-1V were observed a f te r  
2.0 x l o 1  H+/cm2.  Bombardment by a fluence  lower  by a f a c t o r  o f  
f i v e  d i d  n o t  c a u s e  c r a c k i n g  i n  e i t h e r  a l l o y .  
The f luence  da ta  were cor rec ted  for  hydrogen  outgass ing  under  
vacuum and inward diffusion of hydrogen.4 Hydrogen concent ra t ions  
were c a l c u l a t e d  a t  t h e  t i p  of t h e  c r a c k  f o r  v a l u e s  r e q u i r e d  t o  
produce propagation and a t  the  sur face  of  uncracked  spec imens  for  
va lues  tha t  must  be  exceeded t o  i n i t i a t e  c r a c k i n g  a t  l o 5  ps i  (Tab le  
111). 
Table I11 shows t h a t  t o  i n i t i a t e  a crack in Ti-5A1-2.551 a t  
l o 5  p s i  t h e  H/Ti atom r a t i o  must  be  >1/7 (3 .0  x l o 2  cm3H2/cm3Ti) 
but  <1/1.5 (1.5 x l o 3  cm3H2/cm3Ti)  and must  be  1/300 ( 7  cm3H2/cm T i )  
t o  p r o p a g a t e .  S i m i l a r l y  w i t h  Ti-8A1-1Mo-1V a t  l o 5  p s i ,  t h e  H/Ti  
atom r a t i o  mus t  be  >1 /16  bu t  < l /3  to  in i t i a t e  cracks and 1/350 t o  
propagate  cracks.  
TABLE I11 
Hydrogen  Concentration to Initiate 
and Propagate  Cracks 
Average H z  
H Z  Concentration Concentration at 
at Crack  Tip,Surface, 
Ti-SA1- 2.5Sn 7a 1 . 5  X 103 
Ti-5A1-2.5Sn No cracks 3.0 x 10’ 
Ti-8A1-1Mo-1V gb 9.6 x 10’ 
Ti-8A1-1Mo-1V No cracks 1.9 x l o 2  
A1  loy cm3  H2/cm3  Ti cm 3 H2/cm3 Ti 
a At 10 urn. 
At 30 w. 
H o t - s a l t  c r a c k  i n i t i a t i o n  t i m e  i s  much l o n g e r  f o r  Ti-5A1-2.5Sn 
t h a n  f o r  Ti-8A1-1Mo-1V ( l o 3  v s  l o 2  min) a t  343’C under l o 5  p s i  
o u t e r  f i b e r  stress. The  amount of H+ r e q u i r e d  t o  i n i t i a t e  c r a c k s  
i s  a l s o  much h i g h e r  f o r  Ti-5A1-2.5Sn t h a n  f o r  Ti-8A1-1Mo-1V under 
l o 5  p s i  o u t e r  f i b e r  s t r e s s .  A s  p r e v i o u s l y  r e p ~ r t e d , ~  t h e  h y d r o g e n  
concent ra t ion  i s  h i g h e r  i n  t h e  metal near  a h o t - s a l t  c r a c k .  
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